PhoX homology (PX) domain-containing proteins play critical roles in vesicular trafficking, protein sorting, and lipid modification in eukaryotic cells. Several proteins with PX domains contain an associated domain termed PXA (PX-associated). Although PXA domain-containing proteins are required for some important cellular processes, the function of the PXA domain is unknown. We identified three PXA domaincontaining proteins in Schizosaccharomyces pombe. S. pombe Pxa1p (SPAC5D6.07c) contained only the PXA domain, not the PX domain. To elucidate the role of the PXA domain in eukaryotic cells, we constructed and characterized a disruption mutant, pxa1. The pxa1 disruptant contained enlarged vacuoles and exhibited mislocalization of vacuolar carboxypeptidase Y (CPY). The conversion rate from pro-to mature-CPY was greatly impaired in pxa1 cells, and fluorescence microscopy indicated that a sorting receptor for CPY, Vps10p, mislocalized to the vacuolar membrane. The mutants were also deficient in vacuolar sorting of a multivesicular body (MVB) marker, a ubiquitin-GFPcarboxypeptidase S (Ub-GFP-CPS) fusion protein. Taken together, these results indicate that Pxa1 protein is required for normal vacuole function and morphology in S. pombe.
In eukaryotic cells, phosphoinositides are a class of phospholipids that play significant roles in numerous cellular processes, including cell signaling, cell growth, vesicular trafficking, and actin cytoskeletal arrangements. [1] [2] [3] [4] Several distinct metabolic pathways involving phosphatidylinositol (PtdIns) phosphorylation have been found to exist in eukaryotes, leading to the generation of multiple, essential second messengers. 5) Distinct localization of PtdIns isoforms can recruit isoform-specific PtdIns-binding proteins to distinct membranes. Numerous cellular processes depend on the proper spatial and temporal recruitment of PtdIns-binding proteins through synthesis of PtdIns isoforms. Several protein domains are capable of specific protein-phospholipid interactions. [6] [7] [8] These domains include the PH (pleckstrin homology), 9, 10) FYVE (Fab1p, YOTB, Vac1p and EEA1), 11, 12) ENTH and ANTH (Epsin NH2-terminal homology), 13, 14) and PX (phox) [15] [16] [17] domains. PX domains were initially identified as an approximately 130-amino acid region of homology in two components of the phagocyte NADPH oxidase (phox) complex (p40 phox and p47 phox ). In subsequent work, the PX domain was identified in a wide variety of other proteins with diverse functions. 15, 16) Many PX domaincontaining proteins are involved in vesicular trafficking, protein sorting, and lipid modification. [16] [17] [18] In the budding yeast Saccharomyces cerevisiae, 15 PX domain proteins are involved in vesicular trafficking, cell signaling, control of bud emergence, and cell polarity. 19) For example, Vps5p/Grd2p and Grd19p are involved in protein retrieval from the prevacuolar endosome to the late Golgi. [20] [21] [22] Snx4p, Snx41p and Snx42p are also required in recycling traffic from the sorting endosome (post-Golgi endosome) back to the late Golgi. 23) Vam7p is a SNARE protein involved in fusion of vacuoles, and it is targeted to the membrane by an N-terminal PX domain. 24) Similarly, in the fission yeast Schizosaccharomyces pombe, PX domain-containing Vps5p and Vps17p are required for sporulation, vacuolar protein transport, and protein retrieval from the endosome to the Golgi compartment. 25, 26) Several proteins with PX domains contain an associated domain termed PXA (PX-associated). In mammalian cells, sorting nexins such as SNX13, 14, 19, and 25 are categorized as class-4 SNXs sub-group members, which contain PXA domains. 18) SNX13 is involved in endosomal sorting of EGFR into multivesicular bodies (MVB) for delivery to the lysosome, and it plays an essential role in mouse development. 27, 28) SNX14 is expressed during embryonic development in the mouse. 29) Although PXA domain-containing proteins are required for some important cellular processes, functions of the PXA domain remain unknown. We y To whom correspondence should be addressed. Tel: +81-87-891-3116; Fax: +81-87-891-3021; E-mail: takegawa@ag.kagawa-u.ac.jp inspected the current genome database for S. pombe in order to search for genes containing PXA domains. This inspection revealed the presence of three PXA-containing genes (SPCC16A11.04, SPCC1682.15, and SPAC-5D6.07c). Interestingly, SPAC5D6.07c contains only the PXA, not the PX domain. This protein is named Pxa1p and is characterized in the present study. This is the first report showing that a PXA domain-containing protein functions in vacuole morphology and protein targeting to the vacuole in yeasts.
Material and Methods
Strains, media, and genetic methods. Escherichia coli XL-1 Blue (Stratagene, La Jolla, CA) was used for all cloning procedures. Wild-type S. pombe strains ARC039 (h À leu1 ura4) and THP17 (h 90 ade6-M216 leu1-32 ura4-D18) were obtained from Yuko GigaHama (Asahi Glass, Tokyo, Japan) and Yasuhisa Fukui (University of Tokyo, Tokyo). The mutants cpy1Á (h þ leu1 ura4-D18 his2 ade6-M216 cpy1::ura4) and vps34/ pik3Á (h þ leu1 ura4-D18 his2 ade6-M216 vps34::ura4) were constructed as described previously. [30] [31] [32] Gene disruption. The pxa1 þ locus was disrupted in the wild-type S. pombe strain by replacing an internal pxa1 (SPAC5D6.07c) gene fragment with the S. pombe ura4 gene. To amplify a pxa1 fragment from chromosomal DNA, the following oligonucleotides were synthesized: sense, 5
0 -TATGTCTACTCATGGTACTCAG-GAATCAGC-3 0 and antisense, 5 0 -CCCATTTTGCTA-CTCAGCACAGCCTGC-3 0 . A fragment of 1.8 kbp was recovered, and was ligated into the pT7blue vector. SphI and NcoI sites within the cloned pxa1 open reading frame (ORF) were digested and a 1.6-kbp ura4 þ cassette 33) was inserted. A linearized DNA fragment carrying the disrupted pxa1 gene was used to transform a wild-type THP17 strain, and ura+ transformants were selected. DNA was extracted from the resulting clones, and disruption was confirmed by PCR using appropriate primers.
Plasmid construction. pREP41-Pxa1-GFP was constructed as follows: The pxa1 þ ORF was amplified by PCR. SalI and BamHI sites were introduced at the 5 0 and 3 0 ends, and two primers were used to amplify pxa1 þ by PCR. The corresponding PCR product was digested with SalI and BamHI, and cloned into the corresponding sites of pTN197 derived from pREP41. 34) In vivo phosphoinositide analysis. Phosphoinositide levels were determined as described previously. 35) Before labeling, cells were grown overnight in YES medium at 30 C. Cells (OD 600 ¼ 0:001$0:02) were added to YES medium containing 5 mCi/ml myo- [2- 3 H]inositol, and incubated at 30 C for 24 h. Trichloroacetic acid (final concentration, 5%) was then added and the mixture was held on ice for 1 h to halt further growth. Lipid extraction and phosphoinositide deacylation were performed. The deacylated lipids were resolved by anion-exchange chromatography with a Whatman Partisil 10 SAX (4:6 Â 250 mm).
Fluorescence microscopy. To visualize the fission yeast vacuole, cells were labeled with lipophilic dye FM4-64.
36) The cells were examined under an Olympus BX-60 fluorescence microscope using a U-MGFPHQ filter for GFP and a U-MWIG filter for FM4-64. Images were captured with a Sensys cooled charge-coupled device (CCD) camera using MetaMorph (Roper Scientific, Inc., Tucson, AZ) and saved as Adobe Photoshop files.
Pulse-chase and immunoblot analysis of S. pombe Cpy1. Pulse-chase and immunoprecipitation of the vacuolar carboxypeptidase Y from S. pombe (SpCPY) were carried out as described previously. 30) Antibody incubations were carried out using rabbit polyclonal antibody against SpCPY. 30) CPY colony blot assay was performed using cells spotted on a nitrocellulose membrane and grown for 3 d. Immunoblot analysis was performed as described Cheng et al.
37)

Results
S. pombe Pxa1 has a PXA domain but no PX domain
To identify PXA domain-containing proteins in S. pombe, we performed a BLAST search using amino acid residues of the PXA domain of the human sorting nexins SNX13, SNX14, SNX19, and SNX25. We identified three PXA domain-containing proteins, Snx12 (SPCC16A11.04), SPCC1682.15, and Pxa1 (SPAC5D6.07c) (Fig. 1A) . Human SNX proteins, S. pombe Snx12 and SPCC1682.15, contain not only a PXA domain, but also a PX domain. Curiously, Pxa1p has only a PXA domain with three putative transmembrane regions. No apparent homologs exist in S. cerevisiae (Fig. 1A) . Sequence alignment of the PXA domains from humans and fission yeast showed that several amino acid residues were highly conserved (Fig. 1B) .
S. pombe pxa1Á cells contain enlarged vacuoles
To examine the phenotypic consequences of deleting pxa1 þ , disruption mutants were constructed. The pxa1 gene was found to be non-essential because the disruptants grew well at 30 and 37 C. We have reported that S. pombe Vps5p and Vps17p contain PX domains, and that these proteins are required for vacuolar fusion under hypotonic stress. 25) Hence, we examined the vacuolar morphology of the pxa1Á cells. Wild-type and pxa1Á cells were grown in YES media, stained with FM4-64, and shifted into water to observe vacuolar morphology. Wild-type cells contained fragmented vacuoles, and hypotonic stress appeared to cause transitory fusion of vacuoles ( Fig. 2A) . In contrast, the Fission Yeast PXA Domain-Containing Proteinpxa1Á cells contained enlarged vacuoles under normal conditions ( Fig. 2A) . The vacuolar morphology of pxa1Á cells is similar to that of S. pombe pik3/vps34Á cells and unlike that of vps5Á and vps17Á cells 25, 31) ( Fig. 2A) . S. pombe vps34 þ encodes a PtdIns 3-kinase, and no PtdIns3P was detected in vps34Á cells. 30, 31) Because vacuolar morphology and PtdIns3P levels are closely related in S. pombe, we measured intracellular phosphoinositides to confirm that a deficiency in Pxa1, would affect PtdIns metabolism. Wild-type and pxa1Á cells were pulse-labeled with myo- [2- 3 H] inositol at 30 C. Subsequent analysis of labeled lipids by HPLC enabled us to monitor the levels of glycerophosphoinositols derived from PtdIns3P, PtdIns4P, and PtdIns(4,5)P 2 . The differences in the levels of the would phosphoinositides between wild-type and pxa1Á cells were unremarkable (Fig. 2B ).
Pxa1p is required for vacuolar protein transport
We have reported the isolation and characterization of a vacuolar marker protein, carboxypeptidase from S. pombe (Cpy1p). 30) To determine whether Pxa1p is required for vacuolar protein transport, the sorting of Cpy1p in the pxa1Á mutant was analyzed by pulsechase experiments. During synthesis, Cpy1p undergoes a characteristic modification, a change in apparent molecular mass. After the 15-min pulse period, the ER-and Golgi-specific precursor form (proCPY) and a small amount of the vacuole-specific mature form (mCPY) were labeled in wild-type cells, and after the 30-min chase, all Cpy1p was transported to the vacuole and matured, indicating that Cpy1p was properly delivered to the vacuole (Fig. 3A) . In contrast, the pxa1Á strain exhibited a transport defect. After the 30-min chase, about 30% of the proCPY was still detected, while most of the remaining Cpy1p was processed to the mature form in pxa1Á cells, indicating that it had been transported to a compartment containing active vacuolar hydrolases (Fig. 3A) .
To confirm missorting of Cpy1p to the cell surface in A, Domain structures of S. pombe Snx12 and SPCC1682.15 and Pxa1p (SPAC5D6.07c) proteins. The black boxes, gray boxes, and hatched boxes indicate putative transmembrane, PX-associated (PXA), and PX domains respectively. B, Sequence alignment of PXA domains of human SNX13, SNX14, SNX19, SNX25, and S. pombe Pxa1 (SPAC5D6.07c). Conserved amino acid residues in Fig. 4 (W23, D56, and H72) are indicated by asterisks.
pxa1Á cells, we employed a CPY colony blot assay that directly tests cells for secretion of SpCPY. In wild-type cells, Cpy1p is efficiently sorted to the vacuole and hence is not secreted to the cell surface. pxa1Á cells exhibited a slight Cpy1p sorting defect (Fig. 3B) . These results indicate that Pxa1p is required for efficient delivery of Cpy1p to the vacuole in S. pombe.
We investigated the localization of the S. pombe CPY receptor, Vps10p, because the pxa1Á mutant exhibited a sorting defect for Cpy1p. The fusion protein Vps10-GFP was constructed previously, and was found in the Golgi in wild-type cells and in the vacuolar membrane in the absence of retromer complex member proteins, Vps5p, Vps17p, Vps26p, Vps29p, and Vps35p. 26) This fusion protein was expressed in the pxa1Á mutant. Vps10-GFP was mostly localized to the Golgi compartment in wildtype cells (Fig. 3C) . 26 ) Some Vps10-GFP signals localized to the vacuolar membrane in pxa1Á cells (Fig. 3C) , indicating Pxa1p is required for recycling of the Vps10p endosome to the Golgi compartment.
Pxa1p is required for MVB sorting
To determine whether Pxa1p is required for MVB sorting, Ub (ubiquitin)-GFP-CPS was expressed in pxa1Á cells. We have reported that Ub-GFP-CPS was a good indicator of the MVB in S. pombe. 38) Wild-type cells expressing Ub-GFP-CPS exhibited a vacuolar pattern of fluorescence corresponding to the staining pattern of FM4-64, indicating that it was sorted into MVB vesicles and transported into the vacuoles. In contrast, Ub-GFP-CPS primarily exhibited punctate fluorescence in pxa1Á cells (Fig. 3D) , indicating that Pxa1p is required for or involved in endosome-to-MVB and/or MVB-to-vacuole transport.
Conserved amino acids in the PXA domain are not necessary for the localization or functioning of the Pxa1 protein
To determine the localization of S. pombe Pxa1p, we constructed the fusion protein Pxa1-GFP. Expression of this fusion protein complemented the vacuolar morphology defect in pxa1Á cells, indicating a functional fusion protein (data not shown). Pxa1-GFP was co-expressed with the endosome marker protein RFP-Ptn1. 38) Ptn1p is a PtdIns (3,4,5) triphosphate 3-phosphatase.
39) Pxa1-GFP fluorescence largely co-localized with RFP-Ptn1 (Fig. 4A) . Pxa1-GFP signals were in the vicinity of the vacuole under both normal and hypotonic stress conditions (Fig. 4B) . These data indicate that S. pombe Pxa1p localizes to the endosome.
As mentioned above, several amino acid residues, including W23, D56, and H72 (in Pxa1p) are well conserved between Pxa1p and mammalian sorting nexins (Fig. 1B) . Hence, these amino acids were mutated to alanine residues to create the following alleles: Pxa1(W23A)-GFP, Pxa1(D56A)-GFP and Pxa1(H72A)-GFP. Each mutated fusion protein normally localized to the endosome, and complemented the vacuolar morphology defect of the pxa1Á mutant (Fig. 4C) . These results indicate that these conserved amino acid residues in the PXA domain are not essential for function or localization.
Pxa1p affected the localization of Fsv1p and Ptn1p
The pxa1Á mutation was found to affect the localization of vacuolar proteins Cpy1 and Ub-GFP-CPS. We also investigated the localization of the SNARE protein Fsv1p. Fsv1p is a budding yeast Syn8 homolog, and it is 
40)
The fusion protein GFP-Fsv1, constructed previously, 40) was expressed in pxa1Á cells. GFP-Fsv1 localized to the Golgi and prevacuolar compartments in wild-type cells (Fig. 5A) . 40) In contrast, GFP-Fsv1 was found in the vacuolar membrane and in dot structures near the vacuolar membrane in pxa1Á cells (Fig. 3A) . Secondly, GFP-Ptn1p, an endosomal marker protein, was expressed in the pxa1Á cells. In wild-type cells, GFP-Ptn1 localized in dot-like structures (Fig. 5B) . In pxa1Á cells, GFP-Ptn1 localized in smaller dot-like structures and in the cytosol (Fig. 5B) . These data indicate that Pxa1p is required for the normal localization of Fsv1p and Ptn1p, and that it might affect endosomal morphology.
Pxa1 is required for proper localization to vacuolar membrane proteins
We also tested the response of the pxa1Á strain to elevated temperature, hygromycin B, monensin, valproic acid (VPA), and chloride salts. Wild-type and pxa1Á cells were spotted onto YES plates and incubated at 30 or 37 C for 3 d. Cells were also spotted onto YES plates containing 15 mg/ml of hygromycin B, 10 mg/ml of monensin, 12 mM VPA, 0.4 M NaCl, 0. (Fig. 6A) . C, and the filter was processed for immunoblotting using rabbit polyclonal antibody against Cpy1p. The cpy1Á mutant was used as a negative control and the vps34Á mutant as a positive control for CPY missorting. C, Localization of Vps10-GFP in pxa1Á cells. Cells containing pTN197/Vps10 were grown in MM-Leu medium without thiamine for 18 h at 30 C. Nomarski optics (left) and fluorescence microscopy (right). D, Localization of Ub-GFP-CPS fusion protein in pxa1Á cells. Cells carrying pREP41-Ub-GFP-CPS were grown in MM-Leu medium without thiamine for 22 h at 30 C, and vacuoles were labeled with FM4-64.
synthesizing phytochelatins, which bind cadmium and mediate its sequestration into the vacuole. 41) Cadmiumsensitive S. pombe mutants deficient in the accumulation of a phytochelatin-cadmium complex have been reported. 42) One of the genes, whose loss was found to cause Cd sensitivity, hmt1 þ , encodes an ABC-type transporter protein required for cadmium tolerance. 42) An Hmt1--galactosidase fusion protein has been found to localize to the S. pombe vacuole, 42) and the phytochelatincadmium complex has been reported to accumulate in the vacuole through the activity of the Hmt1p transporter. 43) pxa1Á cells exhibited cadmium sensitivity (Fig. 6A) , suggesting that the Hmt1 cadmium transporter does not properly localize to the vacuolar membrane. We examined the localization of GFPHmt1 fusion protein in pxa1Á cells. In wild-type cells, GFP-Hmt1 fluorescence was found to overlap with staining of the vacuolar membrane by FM4-64. 36) In pxa1Á cells, GFP-Hmt1 was missorted into the vacuolar lumen (Fig. 6B) . Moreover, degraded Hmt1-GFP was detected in pxa1Á by western blotting analysis (data not shown), indicating that Pxa1p is required for proper localization of the Hmt1 protein.
Discussion
In the present study, we found that the PXA domaincontaining protein Pxa1p is required for normal vacuolar morphology and for vacuolar protein transport in S. pombe. This is the first identification of a PXA domain-containing protein that has such functions in S. pombe. The pxa1Á cells exhibited highly enlarged vacuoles under normal conditions, much like vps34Á Fission Yeast PXA Domain-Containing Proteincells ( Fig. 2A) . In order for the cells to maintain normal vacuolar morphology, a dynamic balance must be maintained between membrane delivery and the recycling of membrane to the late endosome compartment. 44) Intracellular levels of phosphoinositides, including PtdIns3P, are important for the maintenance of normal vacuolar morphology in S. pombe. 31) However, levels of the major phosphoinositides, PtdIns3P, PtdIns4P, and PtdIns(4,5)P 2 were not affected in pxa1Á cells (Fig. 2B) . The amino acid sequence of Pxa1p did not show homology to published or predicted S. pombe PtdIns kinases or phosphatases (data not shown). How does Pxa1p contribute to the maintenance of vacuolar morphology in S. pombe? Although several proteins with PX domains, including sorting nexins, contain a PXA domain, no interaction between PX and PXA domains has been reported. We speculate that the PXA domain of the Pxa1 protein forms a complex with fission yeast PX domain-containing proteins, and that this protein complex plays a role in maintaining normal vacuolar morphology. Identification of S. pombe proteins that interact with the PXA domain is the subject of ongoing work.
We found that the sorting defect of vacuolar CPY in pxa1Á cells is relatively modest: 30% of CPY was not processed properly to the mature form, resulting in a minor degree of CPY missorting to the cell surface (Fig. 3A,B) . A biosynthetic MVB cargo, Ub-GFP-CPS, was trapped in the dot structures, assumed to be endosomes, in the pxa1Á cells (Fig. 3D) . These phenotypes are similar to those observed in class E Vps mutants such sst4/vps27Á and sst6Á. 39) In addition, Pxa1p is required for recycling of Vps10p from the endosome to the Golgi compartment (Fig. 3C) . These results indicate that Pxa1p is required not only for endosome-to-vacuole but also for endosome-to-Golgi protein transport. Class E vps genes are largely conserved in eukaryotic cells, and the majority of the encoded proteins are constituents of three separate heteromeric protein complexes, called ESCRT-I, ESCRT-II, and ESCRT-III (endosomal sorting complex required for transport). 45) Further analysis is required to determine whether Pxa1p forms a larger protein complex with ESCRT proteins.
Deletion of Pxa1p caused GFP-Fsv1 mislocalization (Fig. 5A) . The Fsv1p is a SNARE protein, required for vacuolar protein transport. 40) Vesicle fusion with the target compartment is catalyzed by the interaction of SNARE proteins present on the two approaching membranes. It is suggested that a vacuolar protein transport defect in pxa1Á cells causes mislocalization of Fsv1p. Hence, the enlarged vacuoles in pxa1Á cells might be caused by mislocalization of SNARE proteins including Fsv1p. Pxa1p is required for tolerance against heavy metal ions, such as Mn 2þ , Zn 2þ , and Cd 2þ (Fig. 6A) . The cadmium sensitivity of pxa1Á cells caused mislocalization of Hmt1p (Fig. 6B) . Similarly, the MnCl 2 and ZnCl 2 sensitivity of pxa1Á cells might be caused by mislocalization of unidentified manganese and zinc transporters in S. pombe. The fusion protein Pxa1-GFP largely co-localized with endosome marker fusion protein RFP-Ptn1 (Fig. 3A) . Conserved amino acid mutant fusion proteins Pxa1(W23A)-GFP, Pxa1(D56A)-GFP, and Pxa1-(H72A)-GFP were found to complement the vacuolar morphology defect in the pxa1Á mutant (Fig. 4C) . However, a fusion protein deleted for the entire PXA domain (Pxa1(PXAÁ)-GFP) was unable to complement the vacuolar morphology defect in pxa1Á cells (date not shown). In addition, the Pxa1(PXAÁ)-GFP fusion protein missorted to the vacuolar lumen in pxa1Á cells (data not shown). These results suggest that the PXA domain of Pxa1p is essential to both functioning and localization. Determination of the solution structure of the PXA domain should help to clarify the functions of the Pxa1 protein.
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